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Chapter 1

Intr oduction

Modernsilicon fabricationtechniquesallow increasinglymoretransistorson a chip.
Thereis scopefor utilising theavailabletransistorsto providemoreefficientandpow-
erful processors.The key to using this extra capacityis to increaseparallelism. If
several taskscanbe carriedout concurrentlythen the overall throughputshouldbe
higher. This is thebasisfor “pipelining”. Thebasicprincipleof a pipelineis to have
a numberof stagesconnectedtogetherin a sequence.Eachactson an instructionin
someway, they all work concurrentlyondifferentinstructions.A simplepipelinemay
have threestages:thefirst fetchinganddecodinganinstruction,thesecondexecuting
theinstructionandthethird writing a resultbackto theregisters.At eachclock cycle,
instructions’flow’ down the pipeline for the next phaseof processing.It therefore
takesthreecyclesfor an instructionto be completelyexecutedbut threeinstructions
canbeprocessedat any onetime, giving anexecutionrateof oneinstructionpersec-
ond.Thisapproachturnsout to befasterthannon-pipelinedprocessorsbecauselessis
doneperclock cycle (in agivenstage)whichmeansthattheclock canrun faster.

Oneproblemassociatedwith pipelineddesignsis whenbranching,thedecisionon
whetherthebranchwill betakenwill bemadetypically at theexecutionstage.By the
time the decisionis made,oneinstruction(more if the pipeline is longer)will have
startedits journey throughthepipeline. If thebranchis taken, this instructionwould
beon thewrongpathof thebranch.

A further problemis that it may be necessaryto stall the pipelinewhenwaiting
for datato beloadedfrom memory. If therequesteddatais cachedit will take a cycle
to retrieve andif the datais not in the cacheit may take a while to be fetchedfrom
mainmemory. Thepipelinestageresponsiblefor loadingmustwait whichmeansthat
the flow of instructionsthroughthe pipelinewill have to be temporarilyblocked (or
stalled).

Dynamic executionsuperscalarprocessorstry to overcometheseproblemsand
increasethe over all instructionrateby executinginstructionsout of orderandpre-
dicting theoutcomeof a branch,“speculating”.Superscalarprocessorshave multiple
pipelinesin parallel. This obviously addsa greatdealof complexity but shouldgive
a greateraverageinstructionrate. An importantaspectof dynamicexecutionproces-
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2 CHAPTER1. INTRODUCTION

sorsis theirability to keepexecutionunitsbusyby finding independentinstructionsto
execute.Thebranchpredictionattemptsto guesswhethera branchwill betakenatan
earlystageandcheckingthepredictionlater. Obviously shouldan incorrectdecision
bemade,thecostwill behighbut a lot canbegainedby makingagoodprediction.

Many modernprocessorsaresuperscalarincludingthePentiumandAlpha 21164
which do not executeout of orderbut do executemorethanoneinstructionat a time,
andthe Alpha 21264andPentiumPro which canissueinstructionsout of order for
moreefficiency gain.

Therecurrentlyexistsno superscalarimplementationof theAdvancedRISCMa-
chinesLtd. processor, the“ARM”. CurrentARMs arerelatively simple,they areused
asembeddedCPUsin devicessuchasmobile telephonesaswell asin personalcom-
puterssuchastheAcornArchimedes.

Theaim of this projectis to investigatehow superscalartechniquesmight beap-
plied to theARM instructionset.



Chapter 2

Preparation

2.1 Research

Theinitial partof thework wasto learnaboutprocessormicroarchitecture,particularly
pipeliningandsuperscalardesign.This involved revision of work from theIB course
oncomputerdesign[10] andlookingaheadto thePart II architecturecourse[13]. Other
researchincludedlookingat therelevantsectionsof booksonthesubject[7, 6, 12] and
manufacturers’web-sites[1, 16].

It wasnecessaryto know abouthow theARM is programmedandanideaof how
it worksinternally. I usedtheARM onlinedocumentation[1], in particulartheARM 7
specification[8].

2.2 Requirementsand Limitations

Thebasicprojectrequirementwasto producemodelsof theARM CPUin ahardware
descriptionlanguagesuchas Verilog to enablesimulation. One model shouldbe a
similararchitectureto theARM 7 core,theothershouldbeasuperscalarversion.The
modelsshouldproduceconsistentresultsgiventhesameARM-codeprogram.

The detailedrequirementsand functional specificationfor the behaviour of the
modelsis essentiallytheARM instructionsetarchitecture(ISA)[8]. This definesthe
behaviour of the CPU asvisible to the programmer. A numberof restrictionswere
madein orderto make the work feasiblein the time availableandto concentrateon
thecoreof theCPUratherthanperipheralfunctions. Theseincludedeliminatingthe
memorymanagementunit, interrupthandling,thebarrelshifterandblock datatrans-
fers. In order to simplify the designfurther, the programcounter(PC) wasmadea
stand-aloneregisterratherthanR15 in the registerfile, andthe link registerwasnot
supported.

3



4 CHAPTER2. PREPARATION

2.3 Planning

Theintentionwasto usewell triedsoftwareengineeringmethodssuchasthewaterfall
model(asdescribedby Sommerville[14] andothers).A second(conflicting)intention
wasto work to getobservableresultsasearlyaspossible,andto addfunctionality to
this. Theapproachusedwasto designthesystemfirst thendevelopthebasicmodules
with minimum functionality, testeachmoduleindividually, then integratethemand
testthe result. Following successfulcompletionof this, morefunctionalitywould be
addedto themodulesandthey wouldbetestedandreintegrated(andsoon). A diagram
describingtheprocessis shown in figure2.1. This is similar in approachto the“rapid
prototyping”methodsbeingusedin industry.

At every round, a certain function would be added. For example, the non-
superscalarversionstartedout only beingableto executeALU instructionswith no
branchingandnohardwareinterlocking.Thenext roundaddedhardwareinterlocking,
but no registerforwarding. The testprogramswerewritten to reflectthe limitations,
andto testall the functionality addedto date,with an emphasison the newly added
function.

Requirements

Design

System

ARM Spec +
Limitations

MODULE

Implementation

Testing

SYSTEM

Integration

Testing

COMPLETE

Figure2.1: TheMethodof Working
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2.4 Verilog

Beforecoding I had to learn moreaboutthe hardware descriptionlanguage(HDL)
Verilog, in which theprojectwaswritten. This involved revision of theIB work with
thelanguageanduseof tutorialsandguidesavailableon theworld wideweb.

This sectionis intendedto give the readera brief overview of the capabilitiesof
the language.The lecturenotesfrom the IB ECAD course[4] provide a tutorial on a
subsetof thelanguage,morein-depthcoverageof thelanguageandits syntaxcanbe
foundin bookssuchasThomasandMoorby[15].

At a basiclevel, Verilog (like all HDLs) providesa way to describea digital elec-
tronic circuit usinga programminglanguage.Verilog canbe usedin this way to de-
scribetheconnectionsbetweengates,flip-flops andsoon, but what is moreusefulis
its ability to supporthigherlevel descriptionsof thecircuit (or partsof it). For example
an 8 bit addercanbe codedaseithera collectionof gatesor in a oneline statement
suchas:

���������
	���
����������������������! #"$������%'&

A very usefulfeatureis registertransferlevel (RTL) description.This syntaxde-
scribeswhathappensto latchesatclock edges.For example:

���(����)��+*-,�.�/��0��12����3���/�3�4!563�/(�27��2�������2��������8��93�/0�:7��:���:�����;�����6"< =&

Verilogusesmoduleswhicharesectionsof circuit with (possibly)inputandoutput
ports(wires). The programmerwrites the module,andthis canthenbe instantiated
asmany timesas requiredin othermodules. This approachenablesthe codeto be
broken into self containedsections,makingthecodingmorestructuredandallowing
individualmodulesto betestedbeforeinclusionin otherhigherlevel modules(aswith
proceduresin anormalprogramminglanguage).

A softwaresimulator is usedto seehow thecircuit wouldbehave. Simulationscan
becarriedout at variouslevels, from RTL down to gatelevel, transistorlevel or even
analogue(for anything except RTL, a synthesiser would be usedto producecircuit
descriptionsfrom theRTL). For this project,themodelwassimulatedat the register
transferlevel.
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2.5 Tools

The ComputerLab Linux machineswere initially usedto develop andsimulatethe
models.Dueto limitationsin theotherwiseexcellentcsim, it wasnecessaryto usethe
morepowerful Cadence Verilog XL on a Sunmachine. The centrallymanagedand
backed up filespacewasused,accessiblefrom all machines.As well asthe regular
backupsperformedby theLab, periodiccopiesof thefiles weretakenandbackedup
on thePelican system.

TheversioncontrolsystemRCS wasusedto enablepreviousversionsof thecode
to beretainedwithout having to keepmany differentcopiesof thefiles. RCSis also
usefulsinceit helpsto preventaccidentaldeletionof files by keepingthemastersin a
separatedirectoryandprovidesa log to track thechangesmade.RCSwasalsoused
for thisdocument.

During theprojecta smallnumberof shell scriptswerewritten to save time. For
example,to runasimulation,ascriptcontainedall thenecessarycommandsincluding
theappropriatesimulatorfor thearchitecture.Emacs wasusedto edit theVerilogcode,
aidedby aVerilog “mode” for Emacs.

2.5.1 Pre-processor

Whilst writing the superscalarversionof the CPU, it becameapparentthat a large
amountof repetitionof codewould beneededwith only smallchangesbetweeneach
line. For example,a list of 64 registerswhich all needto beupdatedin a singleclock
cyclewouldneedlinessuchas:

>�?:@BA
C:D�E�FHGI?(J�K0L�M:?�N�O;L:PRQ(C�S�T2UWV�X�CZY
[:[2[
>�?:@BA
\2T�D�E�FHG]?0J�K(L^M�?^N�O�L2P!Q0\2T_S�T2UWV`X2CZY

Theonly thingchangingbetweenthembeingthenumberindexing >�?:@ andthebus
number. Sincelaterchangesto thiswerelikely, it waspreferableto only have to write
theline onceandhave it duplicatedfor eachnumber0 to 63.

A majorproblemI experiencedwith Verilog is its inability to supporta 2 dimen-
sionalarrayof wires(anarrayof buses).It canhandlea2dimensionalarrayof registers
but not wires. This becamea problemwhena partof thedesignneeded64 busesof,
for example,32 bit width, any of which could be assignedto a commonbus. This
neededmany linesof wire declarationandacomplicatedmultiplexer.
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Thesolutionwasto write a smallpreprocessorin Perl. This providedduplication
facilities aswell asbasic a2b2c^d�e2b support(similar to the normal preprocessor).To
duplicatea line, a preprocessordirective (codedasa comment)wasgiven in a style
similar to standardf�g�h -loops:

i2i�j�k2lBm a�n�o:p�d0q�r:s:butwv2v_xzyZx|{2}�~
h����B��v2v2�����HtI�(���(�^�:��~����2�R��v2v m }��'�`�2yZ�i2i�j�k2lBm b:e:a

Theeffect is thecodebetweenthedirectiveswasrepeated64 times(in theabove
example),with any occurrenceof v2v in thecodereplacedwith thecurrentvalue(some-
wherebetween0 and63).

Otherdirectiveswere:

i2i�j�k2lBm a2b2c^d�e2b�t]r:r2rZx��2� l:l2l �2��~i2i�j�k2lBm d;c:a2b2cZt]q2q:q^~
�2�:�i2i�j�k2lBm b:e:a�d�c

Thefirst of thesereplacedany occurrenceof ��r2r:r�� with
l2l:l

. Thesecondremoved
theenclosedcodeif q2q2q wasnot defined.This wasusefulfor removing moduletest
wrapperswhenthey wereno longerneeded.

Thepreprocessorwasrun on eachsourcefile beforesimulationusingthesimula-
tion shellscriptmentionedin section2.5. Eachsourcefile (*.cv) hada corresponding
simulationfile (*.sim.cv), thepreprocessormakingthelatterfrom theformer.

Theadvantagesof usingthepreprocessorwerethesaving of timeanderrorswhen
changingarepeatedline andtheability to collectimportantdefinitionstogether(single
pointof definition).

2.6 Design

Throughoutthedesignandimplementationtheaimwasto makethedesignasmodular
aspossible,to enablemodulesto be reusedin otherpartsof theprojector for future
work. A particularadvantagein usingmodulesis beingableto swap modulesfor a
particulartask.For example,differentschedulingmoduleswereexperimentedwith in
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thesuperscalarversion.Becausethey hadwell definedinterfaces,amoresophisticated
schedulercouldbeeasily“droppedin” in placeof anolderone.

With this in mind, it wasimportantto breaktheentiresystemdown into modules
beforeattemptingto codeanything. Ideally theinterfacesbetweenmoduleswould be
definedinitially, andthesewouldnotchange.In reality, asextra functionalityis added
and implementationdetailschange,the interfacesevolve. Thereforethe interfaces
definedat thedesignstagewereonly guidelinesspecifyingthesortof signalsbetween
modules,and their purposes.Someparticularsignalswerenamedbut muchof the
detailwasleft until implementation.

Both the first (non-superscalar)designand the later superscalarversionhave a
numberof partsin common:

� Arithmetic-logicunit (ALU)

� Memoryaccessandinstructiondecodestages

� Datamemorymodel

� Othermiscellaneousmodules.

Thedecisionwastakento codefor thenon-superscalarversionandto modify the
appropriatemodulesfor usewith thesuperscalardesignlater.

2.6.1 Non SuperscalarVersion

TheearlierARMs usea 3 stagepipeline,the lateroneshave 5 stages.The latterwas
chosenfor this project as it is more flexible andoffers potential for greaterperfor-
mance.Thepipelinestructuregivesa cleanmoduleseparationfor the5 stages.The
designis basedon the ‘classicRISC pipeline’ describedin the Part II Comparative
Architecturescourse[13] andby HeuringandJordan[6] amongstothers.

Eachstageconsistsof somelogic followed by a bankof latches(exceptthefifth
stagewhich hasno latchessinceits outputs‘flow through’ directly backinto earlier
pipelinestages).This givesa basicmoduledesignconsistingof inputsfrom thepre-
vious stage,someinternal logic, someoutput latchesandoutputsto the next stage.
Therearea numberof otherconnectionswhichwill bediscussedlater.

A stageneedsto know if thedatait is receiving from theprevious stageis valid.
Therearetwo casesthatdatacomingout from astageis not valid:
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1. Theprevious stageis still processingandtheoutputdatais not ready. For ex-
ample,whilst waiting for a memoryfetchto becompletedwhenthedatabeing
outputwouldbegarbageuntil thecorrectvalueis ready.

2. Thepreviousstagehadnodatato process,or terminatedtheinstruction’s journey
throughthepipeline(becauseof abranchfor example).

An extra output from eachstageis neededto flag the validity of the data. This
signal,to becalled �(��������� , is high if thedatais invalid. A stagecanmarkoutputdata
asinvalid (i.e. shouldbe ignored)in eitherof theabove cases.Alternatively a stage
notoutputtingvalid datacouldpushano-operation(NOP)down thepipe.

Thereneedsto becommunicationbackup thepipeline.Therearetwo reasonsfor
wantingto communicatewith earlierstages:

1. If a branchis taken, instructionsearlierin thepipelinewill be thosefollowing
thebranch.Theseshouldnot beexecutedandmustbe ignored.Theexecution
stageis theonly stagethat would ever do this. This signal, ���(�R ¢¡ , causesthe
first two stagesto mark their outputdataasinvalid so it is not usedby further
stages.

2. If astageis still processingits currentinstruction,it musttell thepreviousstage
tonotchangeitsoutputlatchesyetasit is notreadyandstill requirestheprevious
stage’s outputfrom theearlierinstruction(necessarysincethelatchingis at the
endof the previous stage). This signal is called  �£�¤2�2� , it canbe sentby any
stageto its predecessor, astagethatreceivesastallmustpassit onto theprevious
stage.

The executionstagecontainsan ALU. The ALU wasimplementedasa separate
moduleto enablereusein thesuperscalardesignlater. TheALU is connectedonly to
thisstagesotheALU modulecanbenestedinsidetheexecutionstagemodule.

Theregistersareall held in a structureknown astheregisterfile. This providesa
singlewrite port anda numberof readports.Theregisterfile moduleconnectsto the
instructiondecodestage(for argumentreading)andto the registerwrite-backstage
(for writing).

Thesystemmemorywill bemodelledastwo separatememories,onefor program
codeandonefor data.This reflectstheseparateinstructionanddatacaches(Harvard
architecture)found in many modernprocessors,including the StrongARM.As core
CPUperformanceis of moreinterestthanmemoryperformance,themodelsfor both
memorieswill besimple.To improve themodelfor datamemoryaccess,all accesses
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DATA

FILE

REGISTER

MEMORY

PROGRAM

MEMORY

St. 1 St. 2 St. 3 St. 4 St. 5

IF ID EX WBMA

Forwarding Path

Forwarding Path

Logic

Latches

Stall

Flush

Figure2.2: Non-superscalarBlock Diagram

shouldgothroughamodulewhichwill providesomekind of variabledelayto simulate
(e.g.) cachemisses. The memoriesthemselves will be modulesso could easilybe
replacedby amoresophisticateddesignin thefuture.

Thebasicblock designof thenon-superscalarversionis shown in figure2.2.

2.6.2 SuperscalarVersion

Superscalarmachineshave multiple pipelinesin parallel.Therearetwo key types:

1. Staticscheduled:instructionsaredispatchedtopipelinesasthey arefetched.It is
oftenhardto keepall thepipelinesbusysincedependenciesbetweeninstructions
cannotbedetermined.

2. Dynamicallyscheduled:theprocessorlooksaheadin thecodeto determinethe
dependenciesbetweeninstructions.It canthendecidewhichonesto dispatchin
orderto keepthepipelines(executionunits)busy. Theinstructionscantherefore
beexecutedoutof order, dynamic execution.

This designusesdynamicscheduling.This is themorechallengingapproachbut
shouldprovide greatergainsthanstaticscheduling.
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Sincebranchesposeproblemswhen looking aheadin the code,the outcomeof
a branchwill be predictedbefore it is actually executed. This techniqueis called
speculation. Theactualoutcomeis checkedlaterandcorrectedif necessary.

The superscalarmodelneedsto analysethe codeto look for instructiondepen-
dencies.Theapproachusedis to renamearchitecturalregistersasthey areseenwith
‘unique’ identifiers,using a new identifier eachtime a register is written to. This
preventsreuseof a registerfrom beingviewed asa dependency betweeninstructions
which have no directdependency. This processis calledregister colouring, it is dis-
cussedin section3.2.6.

Oncethedependenciesof instructionsontheresultsof otherinstructionsis known,
it is possibleto executeinstructionsoutof orderto keeptheexecutionunitsbusy. The
only constrainton theorderof executionis that for an instructionto beexecuted,all
of its operandsmustbeready. This meansthatall previousinstructionsit dependson
have beenexecuted(i.e. causalorderis preservedeventhoughtotal orderis not).

PROGRAM

MEMORY

FEEDER
COLOURING

REGISTER

FILE

RETIRE

HOLDING

EXEC EXEC

Figure2.3: SuperscalarBlock Diagram

The basicdesignis shown in figure 2.3. The feederunit provides a streamof
decodedinstructions.Theregistercolouringunit providesamappingbetweenphysical
andarchitecturalregisters.Theholdingunit containsa pool of instructionswaiting to
be executedor retired, this provides the window to ‘look ahead’in the code. The
executionunits arecontrolledby the scheduler, they take a pooledinstruction(with
bothoperandsready),waiting to beexecuted,andexecuteit, markingit assuch.The
retirementunit goesthroughexecutedinstructionsin their original order removing
themfrom thepool,updatingthearchitecturalstateandcheckingthepredictedbranch.

Several modulesfrom the non-superscalarversioncanbe reused,someneeding
modifications.The first two pipelinestagesfrom the earlierversionshouldbe com-
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binedto make the feederunit. Major differencesbetweenthe behaviours of the two
versionsleadingto modificationsare:

¥ Thesuperscalarversionneedsbranchprediction.

¥ The superscalarversiondoesnot needto look up actualregister values,only
passtheregisternumberout to theregistercolouringunit.

TheALU anddatamemorymodulescanbeusedwith little or nomodification.

Themodulebreakdown is shown in figure2.4. Somemodulesarenestedor com-
binedbecauseof the large numberof connectionsto otherparts. For example,the
executionunits and register file are in one modulewith nestedALUs. This is due
to the multiplexers requiredto connectthe executionunits to the registersto enable
simultaneouswriting of morethanoneregister.
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Figure2.4: SuperscalarModuleDiagram

2.6.3 DesignChanges

As thedesignprogressedasmallnumberof issuescameto light thatrequiredchanges
to the limitations of the model. The main issuewasthe ARM’s ability to predicate
executionof any instruction.Every singleinstructioncarriesa four bit predicatecode
(calledcondition code by ARM). The codesrepresentconditionssuchas “always”,
“carry set” and“zero clear” for example. The instructionis only executedif thesta-
tusflags(carry, zero,negative andoverflow) arein a configurationacceptableby the
predicatecodeof theinstruction.

A relatedfeatureis the ‘ ¦ ’ bit in a dataprocessing(e.g. ALU) instruction.When
set,this bit causesthestatusflagsto beupdatedto reflecttheresultof theinstruction.
If ¦ is not set,thestatusflagsareunchanged.
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This resultsin extradependenciesbetweeninstructionswhich,aftermuchconsid-
eration,provedto bedifficult to dealwith. It not only enforcesorderof executionbut
alsocreatesproblemswith theregistercolouring.For example,supposeaninstruction§�¨2¨2©�ª+«R¬=­®«R¬=­°¯!¬

failedto executebecausethezeroflagwasnotset,futureinstruc-
tionsshouldusethephysicalregisterallocatedfor theold versionof R1ratherthanthe
onefor thenew version,but by thetime theinstructionwasexecuted,theregistersof
incominginstructionswouldhave beencolouredfor thenew versionof R1.

Theaddedcomplexity led to predicationof non-branchinstructionsbeingunsup-
portedandits implementationleft for futurework.
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Chapter 3

Implementation

This chapterdescribeshow the modelswere implementedwithin the block designs
describedin thepreviouschapter. Thegeneralapproachtakenwasto codethelowest
level modulesandtesteachonewith a simulationwrapperbeforemoving on to code
higherlevel modules.Thesewerethentestedwith simulationwrappers.Onceall the
key moduleswerecompletedin this way, the systemwasintegratedandtested.The
basicmodelwasthenextendedto provide extra functionality, onefunctionat a time.
This methodalloweda working, albeit incomplete,modelto beavailableearly in the
process,enablingversionswith differentfeaturesto betestedandcompared.

3.1 Non Super-Scalar Model

Thedesignof thenon-superscalarmodelwasoutlinedin section2.6.1.Thefollowing
sectionsdescribethebehaviour of eachmodule.

3.1.1 Stage1: Instruction Fetch (IF)

Thetaskof theIF stageis to retrieve aword from memory. Theprogramcounter(PC)
is maintainedwithin theIF stageandaddressestheconnectedprogrammemory.

Thestagereceivestwo signalsfrom thesecondstage,±�²(³R´¢µ and ´�¶�·�²2² . Thefor-
merinstructsthestageto stopandignorewhatit is currentlydoing,thelatterrequests
a pausefor the currentcycle. Whena ±�²�³R´¢µ signal is received the ¸0¹�º�»�¼�½ valueis
set,on thenext clock edgethis is loadedinto theoutputlatches(alongwith any data,
now garbage)to inform the next stageto ignorethe data. The ´�¶�·2²2² signalcauses
theoutputlatchesto remainasthey werefor thenext cycle, i.e., theresultof thefetch
shouldnot be loadedinto the latch yet, insteadthe PC mustnot be advancedso the
input from memoryremainsthesame.

Theexecutestageis responsiblefor calculatingbranchesandwill sendsignalsto
theIF stageto changethePCif a branchis taken. If the ¾�³�¿^´0½2²:½�À(¶ line is high, the

15
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offsetprovidedby theexecutionstageis addedto thecurrentPCand8 subtracted.The
subtractionis to take into accountthe fact that the PC will have advancedfrom the
addressat which thebranchinstructionwasloadedby 2 words(8 bytes). Otherwise
thePCis incrementedby 1 word (4 bytes)to theaddressof thenext instruction.

3.1.2 Stage2: Instruction Decode(ID)

TheID stagetakesthefetchedinstructionanddecodesit to produceaseriesof valuesto
beusedlater. TheARM instructionformat is regularandmostfieldscanbeobtained
by taking a subrangeof the instructionbits. The different typesof instructionhave
different fields. ALU operationscontainthe opcode,destinationregister, andup to
two operandregistersaswell assomeotherflags. Branchinstructionshave anoffset
anda few flags.All instructionshave thepredicatecodebits.

The‘type’ of theinstructionis takenfrom bits 27 to 25 of theinstruction.Thebit
patternssupportedin this modelare: 00X - ALU operation(with bit 25 determining
whetheroperand2 is immediateor from aregister),101- Branch,01X - MemoryAc-
cess.A specialpatternof 111is usedin thelatersuperscalarversionto denotespecial
instructionsusedto aidsimulation(haltandregisterdump).Thevalueof ‘type’ is used
throughoutthedesignto determinewhethercertainfieldsarevalid. For example,if the
typeis 101thentheopcodefield will notbevalid asit will contain4 bitsof datafrom
abranchinstruction.

Thedecodestagealsoperformsregisterlookupsfor operandsthatarenot dueto
bewritten by instructionslater in thepipeline.A scoreboardin theregisterfile keeps
track of whetherregistersare ‘out for writing’ or not. If a register neededfor an
operandis notout for writing, its valueis retrievedfrom theregisterfile andpassedto
theoutputlatches.If theregisteris ‘out for writing’, flagsaresetto indicatethis and
theregisternumberis written on theoutputlatchesto beusedlaterwhenreadingthe
requiredregistervaluefrom a forwardingpath. Forwardingpathsarethemechanism
by which registervalueswhichareresultsof instructionsin laterstagesof thepipeline
arereturneddirectly to theexecutionstageif they areneededratherthanbeingwritten
backin thefinal stageandreadfrom theregisterfile in stage2. Without this facility,
thepipelinewould have to stall until therequiredvaluewaswrittenback.

TheID stagereceivessignalsfrom its successorstageto requestastall,or to flush
thestage(astheIF stage).Thisstagecangenerateits own stall signalto sendto theIF
stagein thecircumstancethatthedestinationregisteris out for writing (i.e. oneof the
two precedinginstructionshasthesamedestinationasthis instruction,a ‘write after
write’ hazard).The stall out is thereforethe disjunctionof this internally generated
stall andthestall in from stage3.
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3.1.3 Stage3: Execute(EX)

Theexecutestageis whereALU operationsareperformed.It containsa nestedALU
module(seesection3.1.6). It is at this point that forwardingpathsmay needto be
used. The flagssetby the ID stagefor forwardingcontrol selectwhich (if any) for-
wardingpathto use.ThemultiplexersfeedtheALU with theopcodecontrollingwhich
operationis performed.Theoutputfrom theALU is passedto theoutputlatches.

The predicatecodeand the statusflags are usedto determineif the instruction
shouldbeexecuted.If it shouldnotbe,anignorebit is setto beloadedinto theoutput
latcheson the next clock edge. A further bit is set to mark the instructionasbeing
valid but not executedsothat thetarget registerit haschecked out for writing canbe
checkedbackin later(but withoutsaving any value).

If the instructionis executedand the Á bit set, the statusflags (held within the
executionunit) areupdatedto reflecttheresultof theoperation.

If the instructionis a branchinstructionandthe predicateevaluationresultedin
execution,theoffsetandits correspondingenableline arepassedbackbackto theIF
stageto changethePC.Theflushsignalis sentto thepreviousstagesto instructthem
to stopprocessingtheinstructionsthey hold.

3.1.4 Stage4: Memory Access(MA)

Thisstageis responsiblefor memoryloadsandstores;otherinstructionspassthrough
unchangedbut undergo a one cycle delay as they passthrough. ALU instructions
cannotsimplyskippastthisstageasthiscouldleadto two instructionsbothwriting to
the registerfile in the samecycle which is not possiblewith thecurrentregisterfile,
andtherewouldbeagreatdealof complexity with theuseof forwardingpaths.

Themodelfor datamemoryis describedin section3.2.8.Stage4 providescontrol
logic to invoke a reador write is necessaryandwait for completion.

3.1.5 Stage5: RegisterWrite-Back (WB)

TheWB stageis thesimpleststage,it checks in thedestinationregister(if valid) and
writesbackthevalueto theregisterfile (if necessary).
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3.1.6 The ALU

The ALU performsoperationson two 32 bit inputsproducinga 32 bit outputand4
statusflags.Theoperationsaredescribedin theARM Specification[8]. In thismodel,
the ALU is implementedasa multiplexer with the 16 functionsof the two inputsas
themultiplexer inputswith theopcodeasthecontrol for themultiplexer. Theactual
implementationusedby AdvancedRISC Machinesis a seriesof bit cells connected
by acarrylook-aheadchain[3]. TheARM implementationis muchmorecompactand
efficientbut thechosenmodelis sufficient for thiswork andshouldoptimisewell when
synthesised.

3.1.7 The RegisterFile

For thissimplifieddesign,atany onetimeup to two registersmayneedto bereadand
onewritten.

In Verilog, therearetwo possiblewaysto write a registervalue:

1. Theregister Â0Ã2Ä:Ã�Å(Æ buscouldbedecodedto giveawire perregister, this is high
whenthatregisteris to bewritten. This is AND’ed with thewrite enablesignal
beforeclockingthelatchthathold this register’s value.(Figure3.1(1).)

2. All latchesareclockedfrom themastersystemclock andthey eachhave amul-
tiplexer on their input to choosebetweenthe incoming registervalueand the
existing valueof the latch. The samedecoded,enabledwires from above are
usedto controlthemultiplexers,if thecontrolis low, thelatchvalueis fedback
to its input therebymaintainingits state,if the control is high, the incoming
registervalueis loadedinstead.(Figure3.1(2).)

Thefirst of theserequireslesssiliconareaandhasashortertotalgatedelaybut the
secondhastheadvantageof workingonacommonclockratherthanthedelayedgated
clock. In a realsystemthelatteris usefulbecauseit helpsto preventproblemsassoci-
atedwith clockskew andallows thecircuit to beeasilyimplementedin programmable
gatearraydeviceswhich tendto have specialclockdistribution wiring (henceneeding
acommonclock).

A readport is easilycodedasamultiplexer:

Ç�È�É Æ�Ê�Ë É Ã:Ì�Í2Â�Æ�Ã É�Î�É2É�Î�ÏÑÐ Â0Ã2Ä:Ã�Å�Æ�Ê:Ò_Ó
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Figure3.1: Cell of RegisterFile - Alternatives

wherethe registersand wires have beendeclaredbefore. This meansthat any
numberof readportsis easyto implementin anRTL modelbut in siliconthesizeof the
structurecangetlarge. In a realregisterfile, latchesareunlikely to beused,Furber[3]
describesthecircuit with whichARM implementstheregisterfile. Figure3.2showsa
possibleVLSI layoutfor a singlecell of a 2 readport,1 write port device,anarrayof
32by 16 of thesewouldbeneededfor a32 bit 16 registerfile.
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Figure3.2: Cell of RegisterFile VLSI Layout

3.1.8 Program and Data Memory

Theaim of theprojectis to look at theCPU coreso detailedmodelsof the memory
arenot required.Thememorywassplit into separateareasfor programanddata,this
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is obviously not trueof realprocessors(with exceptionssuchasthe8051family) but
many modernprocessorshaveseparateinstructionanddatafirst-level caches(Harvard
architecture),sothissimplificationis avalid oneto make.

Theprogrammemoryis derivedfrom theassemblercode.Theassembleroutputsa
Verilogfile containinga32bit widemultiplexer with hardwired inputscorresponding
to theinstructioncode,theparticularinputis selectedby theaddressbuscontainingthe
requestedaddress.This is a purelycombinationalcircuit with no concernfor details
of cachemissesandsoon.

The datamemoryneedsto be a little more realistic sincethe delaysassociated
with memoryloadsaffect thecoreCPUperformance.Themodelusedin describedin
section3.2.8.

3.1.9 SystemIntegration

The moduleswereconnectedtogetherasshown in figure 2.2. The entireassembled
pipelinewasconnectedto a clock generatorfor simulation. The testingdetailsand
resultsaredescribedin chapter4.

3.2 Super-Scalar Version

Having implementedthenon-superscalarversion,thenext taskwasto produceasuper-
scalarCPU.Theblockdesignfor implementationis shown in figure2.4anddiscussed
in section2.6.2.

3.2.1 FeederUnit

Thefeederunit is theequivalentof stages1 and2 from thenon-superscalardesign,in
fact, thesamecodewasusedasa startingpoint (but modified). Themaindifference
betweenthe feedingof this superscalarversionandthe earlierversionis that branch
predictionis performed. The idea is that different predictionmethodscan be tried
andencapsulatedin modulesthathave acommoninterfaceenablingeasychangingof
methods.The interfaceconsistsof inputs to the predictormodule,theseareof two
types(aswell astheclock):
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1. CurrentStatus:ThePCvalueat themoment,a flag to denotewhetherthecur-
rent instructionis a branchandthe branchoffset containedwithin the branch
instruction.

2. Feedback:Theretirementunit considersbranchinstructionsasit retiresinstruc-
tionsin programorder. It checkswhetherthebranchshouldbetaken. It passes
this decision,alongwith thebranchinstruction’s address,backto thepredictor
to enablepredictioncachesto beupdated.

Theoutputfrom thepredictoris thenext valueof thePC(this will be theold PC
plus 4 for non-branchinstructions),the ’alternative PC address’,that is, the address
that shouldhave beenusedif the predictionturnsout to be falseanda bit to mark
whetherthebranchwaspredictedto have beentakenor not.

Thedecodedoutputsareessentiallythesameasthenon-superscalarversion,the
registernumbersare thoseof architecturalregisters,theseareconvertedto physical
registersby thecolouringunit later. A majordifferencefrom thenon-superscalarver-
sionis thatno registervaluesarelookedupat thispoint.

3.2.2 SimpleBranch Prediction

The first branchpredictionusedwasa simple,fixed predictionof eitheralwayspre-
dicting thebranchtakenor alwayspredictingthebranchnot taken. This wasinitially
hardcodedinto thefeederunit to enableotherpartsof thedesignto betested.Later,
this functionalitywasmovedto aseparatemodel.Themodulessimply take theinputs
(branchtargetaddressandnext location)andpassthemto thenext PCandalternative
outputs(eitherdirectly or crossedover dependingon which prediction)andkeepthe
predictionflagat aconstantvalue.

3.2.3 Dynamic Branch Prediction

The sameinterfaceis usedfor the moresophisticatedpredictionmodulesthat were
tried later. The 2-bit version implementsa 2 bit bi-modal predictor. The module
incorporates10242 bit registers. The addressof a registercorrespondsto the lower
10 bits (actuallybits 11 to 2 sincebits 1 and0 will alwaysbezero)of theaddressof
thebranchinstructionto be predicted.Thepredictionof thecurrentbranchis based
on thevalueof thecache:if thevalue(canbebetween0 and3) is 2 or 3, thebranchis
predictedtaken.
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The1-bit versionuses10241-bit caches.It operatesin a similar way to the2-bit
versionbut thevaluescanonly be0 or 1, denotingnot takenandtakenrespectively.

When(at retiretime)apredictionis checked,theaddressof thebranchinstruction,
its predictedflagsanda bit to denotewhetherthebranchwasactuallytakenor not is
returnedto this module.If a branchwastaken,theregisteraddressedby thelower 10
bits of thebranchinstruction’s addressis incremented(unlessit is already3 in which
caseit remainsat 3), in a similar manner, if thebranchwasnot taken, thecounteris
decremented,saturatingat 0.

Theeffect is thatpreviousbehaviour is usedasaguidefor futurepredictions,one-
off changesin behaviour do not have aneffect if thecounteris saturatedat either0 or
3. Theinitial valueis setto 2, thereforebiasedtowardsbranchesbeingtaken.Analysis
of codeshows thatbranchesaremoreoftentakenthannot[13].

The2-bit predictoroughtto performbetterthanthe1-bit predictorwhenlooping
becauseit is resilientto one-off changesof behavior. For example,if a loopis executed
a numberof times,bothpredictorswill incorrectlypredictthefinal branch(not taken)
but the 1-bit predictorwill thenincorrectlypredict the branchnot taken on the next
executionwhereasthe2-bit predictorwill containthevalue2 in its cachesowill still
(correctly)predictthenext branchtaken.

The 1024registerscover a codeareaof 4kB, thereis always the chancethat in
codecurrentlybeingexecutedtherecould be two branchinstructionswith the same
lower 12 bits (i.e. anexactmultiple of 4kB apart)whichwould causepotentiallypoor
performanceof thepredictionbut pathologicalcaseslike thesearerare.

3.2.4 Instruction Holding

The holding unit containsthe pool of instructionswaiting to be executedor retired.
Thepool consistsof a numberof slots, eachcorrespondsto an instruction. A slot is
essentiallya bankof registersholdingtheinstructiondetails(decoded),outputdetails
(afterexecution)andsomestatusbits. A blockdiagramof aslot is shown in figure3.3.

The slot moduleencapsulatesall the per-slot logic and registerswithin a single
modulethat canbe instantiatedasmany timesasnecessary. This is clearlyadvanta-
geousover a single2-dimensionalarrayof registersasit breaksthe work down into
moremanageableblockswhichcanbetestedindividually.

A slotcanbein oneof four states:empty, waiting,readyor completed.Theempty
stateis whentheslot is not currentlyholdinganinstructionandis availablefor useby
anincominginstruction.A waitingslothasbeenloadedwith aninstructionbut cannot
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beexecutedyet becauseoneor moreof its operandsarenot available.A slot is ready
whenall of its operandsareavailableandis a candidatefor executionwhenever the
schedulingunit chooses.Oncea instructionhasbeenexecuted,its slot is marked as
completedindicatingto theretirementunit thatit is readyfor removal.

The statecould be representedby only two wires but for simplicity andeaseof
understanding,morewerechosen:

ÔÖÕ;×�Ø�Ù:Ú - high if theslot is empty

ÔÜÛ�Õ2Ý:Þ�Ú - high if theslot’s instructionis readyto beexecuted

Ô6ß0à�×�Ø�á:Õ�Ù�Õ - high if theinstructionis readyto beretired

To simplify thescheduling,a separateÛ�Õ2Ý�Þ:Ú line wasusedfor differenttypesof
instruction. The threetypesof instructionwereALU, memory(load/storeor ‘LS’)
andbranch.Branchinstructionsno not needexecuting,they areonly requiredby the
retirementunit to checkthe branchprediction. This leaves two types,ALU andLS
with correspondingreadyflags Û�Õ2Ý�Þ:Ú and Û�Õ2Ý�Þ:Ú2â�ã respectively.
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Figure3.3: Instructionholding‘slot’

Thelogic internalto theslotupdatestheseflagsby watchingsignalscomingin on
busesto which theslotsareconnected.Theprincipleactivities are:

Ô Loading

An instructionis initially loadedinto a slot after it arrivesfrom thefeederunit.
The slotsarearrangedin a ring. A counterkeepstrack of the next slot in the
ring, if it is empty, anincominginstructionis insertedin theslotandthecounter
advanced.This ensuresthattheinstructionsarein programorderin theslotsso
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that whenthey areretiredusinga similar counter, they areretired in orderas
well.

When the slot seesa high ä�å�æ(ç�è line, it loadsthe incoming instructioninto
registersandmarksits è;é�ê�ç:ë flag low to indicateit is full. It alsochecksif any
of theinstruction’s operandsareaboutto becomeready.

ì Watchingfor registers

An instructionwill beloadedwith thenumbersof thephysicalregisters(P-regs,
seesection3.2.5for registerdetails)it needs(alongwith enableflagsto sayif it
actuallyneedstheregisters).Theslot couldstoretheactualvalueof theregister
onceit hasbeencomputedor alternatively thevaluescouldbestoredcentrally
and a flag set to indicate it is ready. The latter methodwas chosensinceit
requiresfar lesswiring andallows all theP-regsto beheldtogethercloseto the
executionunits,providing performancebenefitsin arealimplementation.It also
simplifiesthecasewhena registeris computedbeforeaninstructionneedingit
hasbeenloadedsowill needto bestoredsomewherein theinterim, thechosen
methodallows thiswith little extra overhead.

Whena registervalueis aboutto beready(i.e. availableon thenext cycle), the
registernumberis sentout on a notificationbus (with an enablesignal). The
slots listen to thesebuses,anduponspottingthe a registernumberneededby
the instruction,a flag markingthis registerasavailableis setin theslot. Since
eachexecutionunit canhave aregisterreadyat thesametime,thereneedsto be
a notificationbusandenablefor eachexecutionunit andtheslotsmustlistento
each.

The å�è:í:î:ë and å�è2í�î:ë:ï�ð flagsarecombinatorialfunctionsof the‘registeravail-
able’ flagsdenotingwhetherregistersareneededor not (e.g.amove instruction
doesnot needoperand1 andanALU instructionwith animmediatevaluedoes
notneedoperand2).

ì Execution

Theslot makesall its instructioninformationavailableon outputbuses.These
areconnectedto multiplexerscontrolledby theschedulers.A slotwill notknow
whenits instructionis beingexecutedsotheexecutionunitswill signalbackto it
whenit hasbeencompleted.This is simply a completionenableline thatwhen
high causestheslot to setits ñ�ò;é�ê^ó�è�ç�è flag.

ì Retirement

Similarly all detailsrequiredby theretireunit arealwaysavailableontheoutputs
so the retireunit mustsenda signalto instructtheslot to mark itself asempty,
readyto bereusedlater.
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In theinitial implementation,theunit wassizedto contain64 slots.Thehold unit
alsocontainstheschedulerandexecutionunitsasnestedmodules.This arrangement
makesthe wiring lesscomplex sincetherearemany interconnectionsbetweenslots,
the schedulerandthe executionunits. The hold unit handlesthe incomingdecoded
instructionstream.It maintainstheslot countermentionedearlierandprovidesmul-
tiplexersfor theexecutionandretirementunits. Thesemultiplexersarecontrolledby
theschedulerandretirementunit respectively.

The decodedinstructioncomesfrom the feederunit (via registercolouring) in a
way similar to way the decodestagefeedsthe executestagein the non-superscalar
design. If the next slot is not emptythe hold unit muststall the feederuntil the slot
becomesfree.

3.2.5 Registers

Both physicalandarchitecturalregisterbanksaremaintained.The former holdsthe
actualvaluesof thecolouredregisters,thelatterholdsarchitecturalstateoverexecution
restartsfollowing anincorrectbranchprediction.Sincetheexecutionunitsmakeheavy
useof bothtypesof registers,they arelocatedin themodulecontainingtheexecution
units.

Theregisterfile logic providesthefollowing functions:

1. Multiplexorsfor theinputsto executionunits.

Theexecutioncontrolcircuitry receivesaddressesof theregister(s)neededand
flagsto indicatewhetherthevalue(s)shouldcomefrom anarchitecturalor phys-
ical register (seesection3.2.6). The registerunit providesa multiplexer con-
trolledby thesesignalsto provide theactualvaluefor theexecutionunit.

2. Simultaneouswrite-backfrom executionunits.

Therearea total of threeexecutionunits(seesection3.2.7),all of which could
completein the samecycle. This causesup to threevaluesto written back
simultaneouslyto the register file. This is achieved by having a multiplexer
oneachregister’s inputselectingbetweentheexecutionunits. (Therewill never
betwo instructionswith thesamedestinationregisterin thepoolatany onetime
sothiswill work.)

3. Transferof avaluefrom aphysicalto architecturalregister.

Retirement(section3.2.11)causesvaluesto be copiedfrom a physicalto an
architecturalregister. This is the only time an architecturalregister is written
to, so they only needa single write port. Sincethis designonly allows one
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retirementpercycle, a singlemultiplexer betweenthephysicalregisteroutputs
and the single architecturalregister input controlledby the retirementunit is
sufficient.

There are three execution units taking two operandseach and one copy-to-
architecturalmultiplexer, this meansthat the physicalregister file needsseven read
ports.

3.2.6 RegisterColouring

The purposeof the register colouring unit is to translatebetweenarchitecturaland
physicalregistersandviceversa.It maintainsthreelookuptables:

1. Architecturalto physical(usedwhenfeeding)

2. Physicalto Architectural(usedby retirementunit)

3. FreePhysicalregisterslist

Theprocessof registercolouringremovesthename dependence betweeninstruc-
tions leaving only data dependence, undoingthe live variableanalysisand register
colouringperformedby thecompiler[11]. Theideaof a live range is used,a liverange
for a registerbeginswhenit is written, andendswhenthatvalueis last read.A new
physicalregisteris usedfor eachlive range.

Themechanismsusedto updatethetablesare:

ô Beginninga LiveRange

Whena destinationregisterthat will be written to (i.e. only valid instructions
which write a result register) is encountered,the ‘forward’ lookup table (ar-
chitecturalto physical)is updatedfor thearchitecturaldestinationregisterwith
the next free physicalregister from the free list. The ‘reverse’ lookup tableis
updatedby insertingthe architecturalregister in the location for the physical
registerused.Thefreelist is updatedto markthisphysicalregisteras’currently
in use’.

ô A PhysicalRegisterbecomingfree

Oncea live rangeends,a physicalregister must be marked as free so that it
maybereused.A live rangewill bedeclaredto have endedwhenthearchitec-
tural register is written to next. This meansthat when retiring an instruction
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thatwrites to a register, thephysicalregistercorrespondingto thearchitectural
registerin therangejust ending canbemarkedasfree. This canbedonesince
instructionsafter theonebeingretiredwill refer to thephysicalregistercorre-
spondingto thearchitecturalregisterin the live rangejust beginning. Theonly
instructionsreferringto thephysicalregisterbeingmarkedasfreeareonesthat
arebeforethecurrentlyretiring one,whichwouldalreadyhave beenretired.

To performthis action, it is necessaryto know the last physicalregister to be
allocatedto thearchitecturalregisterfoundby a reverselookupon thephysical
destinationregisterof theretiringinstruction.Thisis implementedwith afurther
look up tablecalled‘ õ:ö�÷�ø ’ which is indexed by physicalregisternumber, and
returnsthenumberof thephysicalregisterlastallocatedto thesamearchitectural
register. Whenallocatinganew physicalregister, aforwardlookupis performed
on thearchitecturalregisterbeforethenew pairingis written. Thisvalueis then
put in the õ:ö�÷�ø tablein the locationfor thenew physicalregister. If this is the
first time this architecturalregisterhasbeenwritten to sincethe last flush (or
beginningof thecode)thenthelastvaluewill bemeaninglesssincethereis no
live rangeto markasfree. Thephysicalregistervalue ù wasusedasa marker
for this (analternative way would beto have a correspondingbitmapindicating
validity).

Lookupsarefarsimplerdueto thetwo tableoperation.Givenanarchitecturalreg-
ister(for anoperand),thephysicalregistercanbefoundsimplyby usingamultiplexer
on theoutputof thelookuptable: ú2û�ü�÷�ý2þ�ö2õ6ÿ���������ö���	�õ�����
��:ú
�
ö��^þ�û!ý�ø���þ�ø�����ö:õ��
Thereverselook up is similar.

Whenbeginning a new codeblock (i.e. after a flush or from the very start), the
valuesin the lookup tableswill be either empty, or will containmappingscreated
after thewrongly predictedbranchsowill bemeaningless.Thecorrectvaluesof the
architecturalregistersareheldin anarchitecturalregisterbankandareupdatedatretire
time. Usingthemethoddiscussedsofar, lookupsfor operandswill producephysical
registerscontainingincorrectvalues. What is neededis to get the valuesfrom the
architecturalregisterfile until thephysicalregistersarewritten to again.

Thereareanumberof solutionsto thisproblem:

1. Thelookuptablescouldbepreloadedwith mappingssuchasarchitecturalreg-
ister � mapsto physicalregister � andall 16architecturalregistervaluescopied
to correspondingphysicalregisters.

2. Eacharchitecturalregistercouldbetaggedto indicatewhetherthevalueto use
shouldbe obtainedfrom the architecturalor physicalregisterbanks. This tag
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wouldberesetto markthearchitecturalbankandswitchedto markthephysical
bankassoonasthatarchitecturalregisteris written to.

3. Registerscouldbecopiedfrom thearchitecturalto physicalregistersondemand.
Thenormalmechanismsfor finding a freeregisterwould beused.This would
needtagsto recordwhetheracopy is neededbut theinstructionswouldnotneed
to carryany moreinformation.

Thesecondof thesemethodswasusedsinceit savesa greatdealof datacopying
which takestime andaddscomplexity to thecircuit andrequiresextra readandwrite
portson theregisterfile. Whenlooking up anoperand,if thetagfor thatarchitectural
registeris setthenabit in thedecodedoutputis setto tell theexecutionunit to usethe
architecturalregisterinsteadof physicalregister. Thearchitecturalregisternumberis
storedin thelower four bitsof theregisternumberfield.

Figure3.4shows anexampleof theforwardandreverselookuptablesaftersome
instructionshave beenfed throughtheregistercolouringunit.

Forward Reverse
Archi Phys Phys Archi

0 23 0 0
1 4 1 4
2 5 2 4
3 45 3 10
4 2 4 1
5 54 5 2
6 8 6 11
7 31 7 12
8 49 8 6
9 27 9 13

10 13 10 6
11 6 11 5
12 44 12 10
13 9 13 9
14 43 14 4
15 22 15 11

16 3
17 0
18 0
... ...

Figure3.4: Examplearchitecturalto physicalregistermappings
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3.2.7 ExecutionUnit(s)

Differentexecutionunitsareneededfor ALU instructionsandmemoryaccessinstruc-
tions. Theexecutionunitsaregiven theoperandregisternumbersor immediatedata
with flagsto specifywhich is to beusedaswell asinstructiondataincludingtheoper-
ationcode(opcode)for theALU.

The registersareneededby all the executionunits so could be held in a central
registerfile modulewith portsfor eachexecutionunit. The actualmethodusedwas
to have the registersin a singleexecutionunit centralmodule. This performsall the
register lookupsanddecisionsbetweenregistervaluesand immediatedata. Nested
within this areseparatemodulesfor eachexecutionunit which arepassedthe actual
values.Theexecutionunit modulesreturncompletioninformationbackto thecentral
executionmodulewhich in turn providesnotificationsbackto the slots for registers
being readyand instructionsbeing completed. Statusflags (carry etc.) valuesare
writtenbackto theslotsandleft to theretirementunit to useif necessary.

The ALU and parts of the memory accesscode were reusedfrom the non-
superscalardesign.

3.2.8 Data Memory Access

In order to make simulationsrealistic,modelsof the datamemoryareneeded.An
accuratemodelis beyondthescopeof this project. Insteadonegiving theimpression
of quasi-randomaccessdelaysis used. The fine detailsof cachingalgorithmsand
memorybehaviour will notbemodelled.If futurework requireda bettermodule,one
could be written usingthe sameinterfaceandwould work with the restof the code
unchanged.

This modulehasa constantlyrunningcounter, incrementedon eachclock pulse.
Thecountercountsfrom 0 to 7 androundagain.A datavalueis deemedto beready
whenthis counterreacheszero. For example,if a valueis requestedandthecounter
is at 3, theflag to tell theexecutionunit that thedatais readyis not setuntil 5 cycles
laterwhenthecounterreaches0. Thereforetwo consecutive requestswill beserved8
cyclesapart.This is not realistic,sinceeven if therequestsarefor thesameaddress,
thereis a delay. The memoryitself is modeledas102432 bit registers(i.e. 4kB).
Writing is immediate,this is quitecloseto behaviour observed in systemswith write
buffersor write-backfirst-level datacaches.
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3.2.9 Instruction Scheduling

The task of the instructionscheduleris to choosean instructionthat is readyto be
executedanddispatchit to thecorrecttypeof executionunit. The ��������� and �������������
signalsform two busesof 64 lineswhich feedinto a schedulermodule,theoutputsof
this modulearetheaddressesof theslotsfor eachexecutionunit, eachwith anenable
line. Theseoutputscontrolthemultiplexersbetweentheslotsandtheexecutionunits.

Thereareanumberof possibleschedulingalgorithmsbut to getbestperformance,
it is necessaryto minimisethetimetheretirementunit spendswaiting for thenext slot
to complete.This meansthat slotsshouldhave completedbeforethe retirementunit
getsto them.Theschedulercanhelpachieve thisby schedulingtheoldestinstructions
first.

Thescheduleritself is aseparatemodule.Thisenablesdifferentdesignsto betried
with ease.The moduleneedsto schedulefor both ALU andload/storeinstructions.
Thelatter is easiersince,in thecurrentdesign,thereis only oneload/storeexecution
unit, but therearetwo ALU executionunits so caremustbe taken to ensurethat the
sameinstructionis not sentto bothat thesametime. Theschedulerfor theload/store
unit is separate(althoughin thesamemodule)from theALU scheduler. Theload/store
schedulertakes the 64 bit array of ������������� flags as input and producesthe 6 bit
addressas output, using a simple priority encoderto selectthe first high bit in the
array. TheALU schedulerworks in a similar way, thepartof themodulescheduling
for thefirst ALU unit usesa priority encoderaswith theload/storescheduler, thepart
schedulingfor thesecondALU unit usesamodifiedpriority encoderthatexcludesthe
slotnumberscheduledby thefirst ALU scheduler.

This simpleschedulerimplementationsuffersfrom onedrawback,whenthefeed-
ing wrapsaroundandstartsfilling up thefirst slot againandthesefirst slotsbecome
ready, thepriority encoderwill choosethemoveroneswhichcomelaterin theholding
unit but areactuallyolder. Therearetwo possibilitieshere:

1. Live with it. In a numberof casesthe instructionsrecentlyfed to thefirst slots
of the hold unit will dependon resultsof the slotstowardsthe endof the unit
so will not be marked asreadyuntil the slots from the far endof the unit are
executed.Therewill alsobecaseswherethedatadependenciesareweaker and
readyinstructionsareleft at theendof theunit, blockingretirement,until all the
earlieroneshave beenexecuted.

2. Usethe retirementunit currentslot counterto hint to the schedulerwherethe
earlierinstructionsarein theunit. Themoduleinterfacemakesa provision for
this (the counterwires arebroughtto the interface)but the currentimplemen-
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tation doesnot usethe facility. This methodis likely to usea greatdealmore
logic with correspondinglongersignaldelaysbut shouldprovide a muchbetter
schedulingalgorithmwhich would copewith all cases.An exampleis usinga
barrelrotatoron the64 input lines beforethey enterthepriority encoder. The
degreeof rotation would be controlledby the currentslot countersuchas to
bring theline correspondingto theoldestinstructionto thetop.

A compromisewould beto usethetop few bits of theretirementcounterasa hint
to theschedulerasto whereit shouldstartlooking. This shouldneedlesslogic than
a fully optimisedschedulerbut would not suffer from the problemsdescribedin (1)
above.

3.2.10 SpecialInstructions

To enabledebugging and testingsomeextra instructionswereprovided. ����� stops
executionwhenit is encounteredat retire time. Thepurposeof this is to stopthesim-
ulationonceall thecodehasbeenexecuted.Codepastthe ����� instructionwill have
startedits journey throughthesystembut will notberetiredandhencenot changethe
architecturalstate. ���� causesthearchitecturalstateto bedumpedby thesimulation
whenthis instructionis retired.Theactionsof theseinstructionstakesplaceat retire-
mentsincethat is theoneareathatarchitecturalstateis correct. The instructionsare
handledin thesameway as !�"�# instructions(anotheradditionfor testingpurposes),
they aremarkedascompletewhenbeingfed andcauseno changeto architecturalor
physicalstate.

3.2.11 Retirement

Retirementis theprocessof removing completedinstructionsfrom thepoolandcom-
mitting changesto architecturallyvisible state. Instructionsare retired in program
order. A counterpointing into thepool is maintained.Eachtime an instructionis re-
tired, the counteris advancedto point to the next instruction,which is retiredwhen
ready.

Theretirementunit checksto seeif theinstructionhasa destinationregistervalue
to write. If so, it usesthe registercolouringunit’s lookup tablesto find which archi-
tecturalregisterto use.It thensendssignalsto theregisterfile to copy thevaluefrom
the physicalto architecturalregister. This ensuresthat at any point the architectural
registerscontainthecorrectvaluesfor thepoint in theprogramthattheretirementunit
hasreached.
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The retirementunit maintainsa setof architecturalstatusflags. It usesthe flags
from the instruction(obtainedduring execution)and the $ bit to updatethe flags if
necessary. Becauseinstructionsareretiredin programorder, the valueof the status
flagsis correctfor thecurrentpoint in theprogram.

Whena branchis encountered,its predicatebits andthearchitecturalstatusflags
areusedto work out if the branchshouldhave beentaken. This is comparedwith
the marker bit held with the instructionthat camefrom the branchpredictor. If the
predictionwascorrect,a signalis sentbackto thepredictorto confirmandretirement
carrieson. If thepredictionfailed,thepredictoris informedandthealternativeaddress
is sentbackto thefeederto getthePCto jumpto thecorrectaddress.At thesametime,
the entireholding pool, colouring lookupsandfeederareflushedsincethey contain
instructionspastthewronglypredictedbranch.Becausethearchitecturalregistersand
statusflagshave beenupdatedin programorder, they representthecorrectstateat the
point thebranchoccurs.Thus,whenexecutionresumesfrom thecorrectlocation,the
architecturalstatewill becorrect.



Chapter 4

Evaluation

4.1 Testing

Throughoutthework, the approachtaken wasto testasoftenaspossible.This took
the form of individual testsfor modulesandtestson the integratedsystemafter new
functionswereadded.

4.1.1 Module Testing

Many of the modulescodedhad a module test wrapperwritten for them (the ex-
ceptionsbeing thosethat really did not needit or proved difficult to test in isola-
tion). The testharness,a modulecalled %�&('�%�)�%+*-, , was includedin the sameVer-
ilog sourcefile asthe moduleto be tested.The %�&-'.%�)�% modulewasenclosedin an
&0/�1�2�/3*54�6�704.8(9�:;,=<=2�>�1?&0/ blocksothatit wasonly passedto thesimulatorif 4�6.7(4;8(9�:
hadbeendefinedpreviously.

This methodallowed the behaviour of eachmoduleto be looked at in isolation.
The %�&('�%�)�% modulegenerallycontaineda clock sourceandsomeinput stimuli that
could easilybe changed.The effect wassimilar to beingableto inject a signal into
a part of a circuit without worrying aboutthe otherparts. Both simulatortracesand
textual output from the @�A�8�7CB;D�E�F commandswereusedto view the behaviour. An
exampleof the outputof a moduletest is shown in appendixA, alongwith the test
harnessusedto generateit.

Eachmodulewastestedwith a numberof differentinput stimuli (stimuli changed
by editing the testharnesscode). Boundaryconditionsandlikely troublespotswere
testedaswell asgeneralcases.Testresultswerecomparedwith what would be ex-
pected.Thecomparisonwasdoneby hand.A moresophisticatedmethodwould use
automatedtestingin which a setof testvectors(detailinginput stimuli andexpected
output)wouldbepresentedto thetestsuite(similar to how realhardwareis tested).

33
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4.1.2 Assembler

Fromtheproposalstagethroughto thedesignandimplementationstagesit wasknown
thatanumberof restrictionsontheARM instructionsetarchitecture(ISA) wouldhave
to bemadein orderto make theprojectfeasiblein thetime available.This meantthat
arbitrary ARM codecould not always be run becauseit may not conform to these
restrictions.I choseto write my own minimal assemblerwith which I couldprecisely
controlwhich featureswereallowed.

A secondreasonfor wantingmy own assemblerwasfor the ability to addextra
commands.I added3 control commandsnot normally available: G�H=I , J�K�L and M�N�O
whichstandfor ‘no-operation’,‘halt’ and‘dumpregisterfile’ respectively. Thesewere
for simulationpurposes.This provedeasierthanmodifying theGNU assemblersince
I know Perlwell but do not know C or thedetailsof theGNU assembler.

The assemblerwasa small Perl program. It readan assemblerfile into memory
andperformedtwo passesover thecode,oneto establishtheaddressescorresponding
to labelsandasecondto actuallyproducethecode.It producedtwo outputs:aVerilog
modelof theprogrammemory, ana binaryfile for usewith a realARM or anARM
emulator. Theprogramwaswritten in suchasway asto allow extra commandsto be
addedwith ease.

4.1.3 Running CodeFragments

As soonasenoughmoduleshadbeencompletedto allow themto beintegrated,small
codefragmentswereexecuted,eachaimedat testinga particularaspectof the func-
tionality. Theassemblerdescribedin section4.1.2wasusedto assembletheprogram
memorymodel,whichwasthenexecuted.

The very first testwason the non-superscalarversionbeforeany interlockingor
forwardingpathswereadded.The codehadinterleaved G�H�I ’s (as in software inter-
locking) betweena seriesof ALU instructions.At this stage,the branchinghadnot
beenfully implemented,soonly linearsequencesweretried. Theregistervalueswere
displayedeachcycleby P�Q�R�S-T.U�V�W commandsin thecodeandthesewerecomparedto
theexpectedvaluescalculatedby hand.

Whenbranchinghadbeenfully implemented,simpleunconditionalbrancheswere
triedfirst. Thecodehadsomelinearsequencesof ALU operationsfollowedby a jump
to anotheraddressthensomemoreALU operations.Again theexpectedresultswere
manuallycalculatedandcomparedto the behaviour observed, including the correct



4.2. COMPARING THE VERSIONS 35

flushingof thepipeline.Conditionalbrancheswerenext, usedto createsimpleloops,
asimplemultiplicationloopwasusedoftenasa test:

XZY�[�\0]_^`\�aCb�c.d�[ed�f�f=c
g.h=ikjmlonqp�r�s X=t�u�b�v�[�wef�xk];ayb?[.\z]�fk{�f�^�w�f=u�t�|ed�f�f}c
g.h=ikj�~�nqp�s X�^����(u�b�u.d�^�].a(t�{�w�[.\-u.d�]
� d�f�f}c
����� j�~�n�j�~�nqp�� X�^�|�| � ]�fe^����
�}����� jmlon�jmlmn�p�l X�|�[��}w�[0b;[=t�]�d�f�f=c���f}u�t�]�[�w
���5������d�f�f=c X=v�w�^=t?�(��a}x_d�f�f=c���f}u�t�]�[�w�t.f�]_^�]e��[�w�f
g.h=ikj��3n�j�~ X0b;f���[Zw�[.\Cu;d�]Z]�f j��

A numberof codefragmentswere tried. After eachmajor function wasadded,
theemphasisof the testswason this new functionbut otherfunctionsweretestedto
ensurethattheadditionhadnotdamagedanything else.

4.1.4 Inter preting Output

Virtually all moduleshad � |�a�\Cc;d�^�� commandsproducingoutput to the screenon
eachclock edge,someonly displayedinformationwhenparticularflagswerehigh or
whenstatechangedbut mostdisplayedcurrentstateon every cycle. This meantthata
largeamountof outputdatawasproducedwhenrunninganything morethana simple
moduleor codefragmenttest.To make theinterpretationof theoutputeasier, a small
Perlscriptwaswritten to turn theoutputfrom thenon-superscalarsimulationinto an
HTML tabledescribingthestateof thepipeline.

An examplefrom onesuchtableis shown in figure4.1. Thefirst columnis time,
thenext fivecolumnsrepresentthefivestagesandthefinal columnshows theinstruc-
tion currentlyin theexecutestage.A bluecolourdenotesa stagenot currentlyactive
(thevaluesof thesignalsarethereforegarbage),a redcolourindicatesthatthestageis
stalled,awaiting thefollowing stage(s)to complete.

4.2 Comparing the Versions

The different versionswere comparedby executingthe sameprogramon eachand
countingthe numberof clock cyclesusedto completethe program. The following
sectionsdescribeacoupleof thetestprogramsthatwereused.
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Figure4.1: Pipelineactivity table

4.2.1 Factorial Program

A smallfactorialprogramwaswritten. It hasasubroutineto multiply two registersand
placetheresultin a third, anda loop to multiply (usingthis routine)an‘accumulator’
registerby theloopindex valuewhich is decrementedoneachiterationuntil it reaches
1. Thepseudocodefor this is (theassemblercodeis shown in appendixC):

�-�����������e �¡�¡ ¢¤£�¥o¦
�-������������§� �¡}�¨¢¤£_©ª¦¬«�«�§� �¡0��­��;�� �®¯��­�¡�­0°�±�²����
³�´ ��®��¶µ·§� �¡}�¹¸º£e»;¼z½�­

�(�����������k���0°�±¾¢º£¯°�².®��;�-±;®=¿�µ·§� �¡0�ÁÀÂ �¡�¡�¼
 �¡�¡Ã¢º£k���(°�±
§� �¡0�¨¢¤£�§� �¡}��ÄÅ¥

�}��½ ³�´ ��®��

Thelargestfactorialthatcanberepresentedasa32bit integer(signedor unsigned)
is 12! (0x1C8CFC00).Theprogramwasrun twiceoneachmodel,oncecomputing5!
andoncecomputing12!. On completion,theresultwascheckedagainsttheexpected
valueand the numberof cycles taken to run the programrecorded.The resultsare
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shown in figure4.2. The last cycle to be countedis the onewherethefinal result is
written to its architecturalregister.

Model 5! 12!

Non-Superscalar 119 525

SS(2 ALU units)with static’alwaysbranch’predictor 97 374

SS(2 ALU units)with dynamic1-bit branchpredictor 106 396

SS(2 ALU units)with dynamic2-bit branchpredictor 86 366

Figure4.2: Numberof cyclestakento executethefactorialtest

Theseresultsshow adefinitegainin instructionthroughputin thesuperscalarver-
sion over the non-superscalarversion,43% for 12! with the 2-bit predictor. This is
obviouslyonly oneparticularexamplewhichdoesnot representtherangeof programs
that could be executedbut givesa reasonableindicationof the successof the super-
scalarmethods.

The resultssuggestthat (for this exampleat least)the 1-bit dynamicpredictoris
worsethanthe staticpredictor. This canbe explainedby the fact that this particular
programcontainsbranchesthat areusuallytaken, so the staticpredictoronly makes
anincorrectpredictionwhentheloop is not taken. The1-bit predictordoeswhatwas
correctlasttime,soafterincorrectlypredictingabranch,thefollowing timethatbranch
is executed,thepredictionwill bethat it is not takenbut in this programit alwaysis.
Effectively therearetwiceasmany incorrectpredictions.

4.2.2 Infr equentBranching Test

A programlike the factorialoneabove is very well suitedto superscalarprocessors
becausethecorrectbranchpredictioncanbeachieved a high percentageof the time.
Theprogramusedin the following testwasdesignedto demonstratethat somecode
suffersaperformancelosswhensuperscalartechniquesareused.

Thisprogramcontainsa largeloop, it is executed12 timeswith a register, initially
setto 12 beingdecrementedat theendof eachloop. The loop contains12 blocksof
instructions,eachblock containsa testwhich comparesthe loop index to theblock’s
own number(e.g. the third block comparesthe index to 3, fourth to 4, andso on.).
If thevaluescomparedareequal,theprogrambranchesforward to skip pastthenext
instruction,otherwisethe instructionis executed(it is only a simpleALU operation).
Theassemblyprogramis shown in appendixC, theoperationcanbedescribedas:

Æ�Ç�ÈÅÉÃÊ¤Ë�Ì0ÍkÎ�Ç�ÌZÏ0Î�Ð=ÑÅÒ;ÌÔÓ�Ç



38 CHAPTER4. EVALUATION

Õ=ÖÅÕ�×ºØ�Ù Ú�Û.Ü}Ý`ÞàßáÙ(â�ØeÞàßáÙ(â�ã`Õ
Õ=ÖÅÕ�×ºØ_ä Ú�Û.Ü}Ý`Þàß¤ä�â�ØeÞàß¤ä�â�ã`Õ
å�å�åÕ=ÖÅÕ�×ºØ�Ù0äæÚ�Û.Ü}Ý`ÞàßáÙ}ä�âZØ�ÞÁßçÙ0ä�âkãÅÕ

The loop branchis taken all but the last time, the other branchesare only ever
takenonceandto thepredictor, they comeatanunpredictabletime. Thissuggeststhat
predictingthebrancheswithin the loop could be unsuccessful.Figure4.3 shows the
resultsof this test. This shows that the superscalardesignperformsworsethanthe
non-superscalarone.This is becausethebranchpredictionfails sooftenandthereis a
largeoverheadwhenapredictionfails sotheoverall time is longer.

Model Cycles

Non-Superscalar 521

SSwith static’alwaysbranch’predictor morethan800

SSwith static’don’t branch’predictor 542

SSwith dynamic1-bit branchpredictor 575

SSwith dynamic2-bit branchpredictor 551

Figure4.3: Numberof cyclestakento executetheinfrequentbranchtest

A usefulobservationfrom this testis thatthestatic‘alwaysbranch’predictorper-
forms very badly (becausemostbranchesarenot taken). It wasobserved in the fac-
torial testthat theperformanceof this predictorandthe2-bit dynamicpredictorwere
similar but in this casethedynamicversionhasa hugeadvantage.This suggests(as
wouldbeexpected)thatthedynamicpredictoris thebetterpredictorto usein orderto
copewith differenttypesof code.

4.2.3 Benchmarks

It would bea usefulexerciseto run SPECbenchmarktestson themodels.SPEC95
(StandardPerformanceEvaluationCorporation)benchmarkstest variousaspectsof
a processor’s performance.The integer suite, CINT95, is a set of 8 integer C pro-
gramsdesignedto reflecttherealworkloadsof currentprocessors.Theprogramsare
largeandtestnot only coreCPUperformancebut caching,compilerperformanceand
memoryspeed.This coupledwith the fact that the full ARM CPUwould needto be
implementedmeansthat in orderto usethemon thesemodels,they would have to be
heavily modifiedsohave notbeenused.A furtherproblemis thattheexecutiontimes
would have beenprohibitively long. SPEC95 benchmarksrun for severalminuteson
realhardwaresorunningthemon a softwaresimulationwould take too long: an800
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clockcycle testtookabout4 seconds,giving a200Hzclockwhich is a factorof 1 mil-
lion slower thanrealhardware,suggestingthateachminuteon a realprocessorwould
beequivalentto acoupleof yearsona simulator!

4.3 Successof the Project

Theaimsof theprojectwereto developnon-superscalarandsuperscalarVerilogmod-
elsof thecoreof a simplifiedARM processor, to look at differentconfigurationsfor
thesuperscalardesignandto comparetheversions.Thetwo modelshavebeenwritten
andcodecanbeenrunon them.

The modulardesignhasallowed differentdesignsfor somemodulesto be tried,
an examplebeingdifferentbranchpredictionmethods.Small programswererun on
differentversionsof thenon-superscalarandsuperscalardesignsandtheresultscom-
pared.

Programshave beenrun on both modelswith successfulresults. The programs
mustconformto certainconstraintssuchasnot usingblock-datainstructionsor pro-
gramcountermanipulationsotherthanbranching.A numberof testswerecarriedout
demonstratingthefactthemodelsdowork. Thetestsarenotexhaustive but arerepre-
sentative of thefunctionssupportedandI amconfidentthatthebehaviour is correct.

I am satisfiedthat the modelling, simulation and comparisonaims have been
achieved and the work was successful.The project could provide a good baseon
which to build a full RTL modelof theARM processor.
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Chapter 5

Conclusions

Thework carriedouthasdemonstrated:

1. Superscalartechniquesappliedto theARM canimprove instructions-per-cycle
efficiency. In thetestscarriedout,animprovementwasnoticedin many cases.

2. Thecomplexity of thecircuitry neededfor asuperscalardesignis fargreaterthan
a traditionalpipeline. The line count following pre-processingof the Verilog
files comesto about13,000for the superscalarversionand3,600for the non-
superscalarversion.

This hasconsequencesfor boththephysicalsizeandpower consumptionof an
ARM CPU. The ARM is designedto be low power andsmall, so a four-fold
increasein both may counteractany gain in speedwhenchoosinga processor
for aparticularapplication.

3. TheARM hasfeaturesthatdo not work particularlywell with a simplesuper-
scalardesign.For example,thepredicatedexecutionof any instructionaddsthe
potentialfor many moredependenciesbetweeninstructions,reducingtheimpact
of thesuperscalarbenefit.Therearewaysto copewith this particularproblem
suchasviewing predicatedinstructionsin a similar way to branchesbut they
wouldaddyet morecomplexity.

Oneof themostbeneficialgainsfrom thesuperscalarapproachover thepipelined
designwasthebranchprediction.It was(in general)successfulin reducingwastedcy-
clesbut with only a relatively smallamountof extrahardwareneededcomparedto the
out of orderexecution.It maybethis fact that inspiredthedesignof theARM 10[9],
which containsa branchpredictionunit in the fetch stageof the standardfive stage
pipeline. The ARM 10 hasa limited amountof parallelexecutionbut is not super-
scalar. Theleadingarchitectof theARM 10 ThumbFamily is quotedon thesubject:

To keeptheareaandpowerdown, we avoidedthecomplexity andcostof
a full superscalarmachine.[2]
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With thebenefitof hindsight,if doing theprojectagainI would spendmoretime
ondefiningtheinterfacesinitially andI wouldtry to supportawkwardfeaturessuchas
predicatedexecutionfrom anearlystage.
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Appendix A

ExampleModule TestOutput:
datamem.cv

This is a sampleof theoutputfrom themoduleteston thedatamemorymoduleand
thecodefor thetestharness.

A.1 TestHarness
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A.2 TestOutput

FigureA.1: DataMemorymoduletesttraceoutput
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l�[�\!]8^�_�`�a�b�c�d�efkHg�e l3h�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e5Ztd�a�o�e�\Kd�p�e�\4q�r�e�\
[�[�\!]8^�_�`�a�b�c�d�eul3g�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
m�[�\!]8^�_�`�a�b�c�d�ef[Hg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
v�[�\!]8^�_�`�a�b�c�d�efmHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
w�[�\!]8^�_�`�a�b�c�d�efvHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
x�[�\!]8^�_�`�a�b�c�d�efwHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
Z2\�[�\!]8^�_�`�a�b�c�d�efxHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
Z�Z2[�\!]8^�_�`�a�b�c�d�eyZ2\Hg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�\@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
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j�j�[�\!]8^�_�`�a�b�c�d�e@j#Ztg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e5Z
j�k�[�\!]8^�_�`�a�b�c�d�e@j�jHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e5Z
j�l�[�\!]8^�_�`�a�b�c�d�e@j�kHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e5Z
j�[�[�\!]8^�_�`�a�b�c�d�e@j�l3g�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e5Z
j�m�[�\!]8^�_�`�a�b�c�d�e@j�[Hg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e5Z{q�r�e5Z
j�v�[�\!]8^�_�`�a�b�c�d�e@j�mHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
j�w�[�\!]8^�_�`�a�b�c�d�e@j�vHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
j�x�[�\!]8^�_�`�a�b�c�d�e@j�wHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
k�\�[�\!]8^�_�`�a�b�c�d�e@j�xHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
k#Z2[�\!]8^�_�`�a�b�c�d�e@k�\Hg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
k�j�[�\!]8^�_�`�a�b�c�d�e@k#Ztg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
k�k�[�\!]8^�_�`�a�b�c�d�e@k�jHg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
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k�m�[�\!]8^�_�`�a�b�c�d�e@k�[Hg�e \Hh�i�e�\�\#Z2j�k�l�[�m3h�n�e�\�\�\�\�\�\�\�[@c�a�e�\Hd�a�o�e�\Kd�p�e�\4q�r�e�\
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Appendix B

SampleCode: retire.cv

Thefollowing is theVerilog codefor theretirementunit in thesuperscalarversionof
theCPU.
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â�ã�ä�å�ã�ä æ5ç�è�é�ê�æ�å�ä�ë!ì í�í�ä�â{æ5ç�è�é<ä�î
ï�ðHñ�ï�ò�êKç�ðzê�æ�å�ä�ë

í�í�ó�â�ò�ò�ê�ô�ä5ï�â�ò#ðKä�âKô�â�ñ�â�ã�è5ï�ò�õ�ã�ò
ï�ä3ä�âHç�ñ�ñ�â�ö<÷�ø�è�ê�õ�ð4ä�â�ù�êHè�ê�ã#ð�ê�ú
â�ã�ä�å�ã�äüûTý�þ�ÿ�������÷����	��
@è�ê�ä�å�î�ë�ðSì í�í�å�î�ë�ðHè�ê�õ�â
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í�í
��è�ç�ò#ô2î�å�è�ê�ú5ï�ô�ä���ê�ê�ú�ù�ç�ô2é
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ª�ª�«�¬�¬�­�«�¨�©q®�¯�¨=¦�°c±
��� ²�³  v± ´�´ ®�¯�¨

µ
¶ �
µ
¶ �
¢�������· ¶ ��¸ ¹� �º�»�¼:½=�q¾3�
�
§
  µ ¼��:¢�¡�¿�¿G¤B��¢�²�¢�À-Á�Â	Ã�Ä/¾�¾�Å�Æ	��Å�°c±p´�´ Ç�«�È

µ
¶ �:¹=³
��¸�¡ µ ´�´_» µ ²>��» µ

´�´ É�³
��¸�¡ µ ² µ � ²2Ê�»�¢
 �  µ »

´�´�Ë
Ç�ÌvÂ-ÍgÎ�¬�«�ÎÏ¤B¨�«�§�¨>Í�Ð�È>°
¹=³
��¸�¡ µ §�ÍgÉ�§
Ñ�§�¤:°c±

Ê=��» µ À	Ò�Â	Ã�Ä/¡�� ¶�µ ²�³
» µ ¢���±
Ê=��» µ » µ ¢�� µ
¶ ¢
Ó�¡ µ ±
Ê=��» µ À	Å�Â	Ã�Ä�²�£�  µ ±
Ê=��» µ ¼�³g¹� �¡ µ ² µ�Ô §�±
Ê=��» µ À	Õ�Â	Ã�Ä�Ö�¡�¢�·���� ¶vÔ ¼�³ ¶ ��±
Ê=��» µ ¹>¢�»�× µ ¹� �²�£ Ô ¼�¡ ×v±

Ø ¯�Ù>Á:Ã
É�®�Úm¼�¡�³�¼:×Ï¤g¼�¡ ×=°c±
» µ ²>��» µ » µ ²�ºG¤�¡�� ¶�µ ²�³
» µ ¢�� Ô » µ ¢�� µ
¶ ¢
Ó�¡ µ�Ô ´�´�³ ¸�²� �¸�²�²�³_» µ�Û ¸ µ � ² ¶�µ�Ü ²/¡�� ¶�µ

²�£�  µ�Ô ¼�³g¹� �¡ µ ² µ�Ô § Ô Ö�¡�¢�·���� ¶vÔ
¼�³ ¶ � Ô ´�´
��¢�²�¢m� ¶ Ö�»�³g¹A¡�� ¶�µ
¹>¢�»�× µ ¹� �²�£ Ô ´�´
²�³�¡�� ¶�µ
¼�¡ ×
°c±

» µ ·)À-Á:Ã�Â	Ã�Ä3¼�³ ¸ ¶ ² µ »�±
¢�¡ Ê�¢�£���Ý�¤y �³�� µ ��· µ ¼�¡ ×=°2¼�³ ¸ ¶ ² µ »/Þ
¾/¼�³ ¸ ¶ ² µ »/ß3Ác±
� ¶ ��²>�:¢�¡/¼�³ ¸ ¶ ² µ »/Þ
¾�Ã�±

´�´  �» µ ² µ
¶ � µ�à�µ »�£�¡�� ¶�µ �
��¼�³g¹� �¡ µ ² µ�µ�Ü ¼ µ  �²/Ò
¢�������· ¶ ¼�³g¹� �¡ µ ² µ ¾G¤g¼�³ ¸ ¶ ² µ »/¾�¾�Ò�° á�Ã�Â-Ác±

¢�������· ¶ ²�£�  µ ¾�Õ�Æ	��Ã�±
¢�������· ¶ §_¾mÁc±
¢�������· ¶ Ö�¡�¢�·���� ¶ ¾�â�Æ	��Õ�±
¢�������· ¶ ¼�³ ¶ ��¾�â�Æ	��Õ�±

µ
¶ �:¹=³
��¸�¡ µ
´�´�Ë
Ç�ÌvÂ9«�Ð�¬=ÍgÎ

´�ã
ã��
¯�³
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» µ �� �»�³   µ »�¡
£ ä
ã_Ì�ª�Ö µ�µ ��Ó�¢�¼:×3¡�³
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ãq®�¯�¨�½�¢ ¶ ��¡�� ¶ ·m¼�³
� µ�ä
ãqÇ�«�È�½�¢ ¶ ��¡�� ¶ ·J¤g¼�³ ¶�¶�µ ¼ ²�Ó�¢�¼:×�²�³ µ�Ü�µ ¼q¸ ¶ ��²>°
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ãqÇ µ�à �
��� ³ ¶ Á ä	ë Á:æ�æ�æ�´�Ã�Õ�´�Å�ÅHÁ:é�Â9â�ê�Â9â�êèç�»�Ó�â�â
ã_º���� µ �_¹=³
» µ  �» µ �>�
¼ ²>� ³ ¶ » µ  �³
»�²>� ¶ · ä
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Appendix C

SomeExampleTestPrograms

C.1 Factorial

;=<�>�?,<
;A@,B,CED,F�G9H�B�I=J�G,F�K	G�B�L
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G	R�O
?9[4U,V\L�N#ZED'],OAT�FET�^�O
G,F
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D
N�G
T,O
?�H3T'U�_
`�aEb'U,V c7d9e�f ;	g	g
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; q�r p
U�a r y9>�t	j q
i L�N�I�D
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{
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_�g

;=<�x,F�K,<
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;*y
}nH�Z�D�O,ZED�Z�}�FEN�I�?=]�G�B�T#C�}~Z�O�I�?,F3LnI�z

55



56 APPENDIX C. SOMEEXAMPLE TESTPROGRAMS

���E�=�n��� ���9�����	���E�	�����������
���
�9�E�E�#�Q���Q�E�����
�-�	�	�E�
� �E�����
�
�����'� �n�����l�n��� ���9�
���u ,¡�¢ ��£n�3�n�
¤
¥	¥ �n�o�7�n�o�l�n���
� ��£n�3�n�
�����'� �n�����l�n��� �����
���u ,¡�¢ ��£n�3�n�	�
¤
¥	¥ �,� �7�,� �l�n���
� ��£n�3�n�	�
�����'� �n�����l�n��� �����
���u ,¡�¢ ��£n�3�n�	�	�
¤
¥	¥ �,� �7�,� �l�n���
� ��£n�3�n�	�	�
�����'� �n�����l�n��� ���	�
���u ,¡�¢ ��£n�3�n��¦
¤
¥	¥ �����7�����l�n���
� ��£n�3�n��¦
�����'� �n�����l�n��� ����§
���u ,¡�¢ ��£n�3��¦
¤
¥	¥ �,§ �7�,§ �l�n���
� ��£n�3��¦
�����'� �n�����l�n��� ����¨
���u ,¡�¢ ��£n�3��¦9�
¤
¥	¥ �,¨ �7�,¨ �l�n���
� ��£n�3��¦9�
�����'� �n�����l�n��� ����©
���u ,¡�¢ ��£n�3��¦9�	�
¤
¥	¥ �,© �7�,© �l�n���
� ��£n�3��¦9�	�
�����'� �n�����l�n��� ����ª
���u ,¡�¢ ��£n�3��¦9�	�	�
¤
¥	¥ �,ª �7�,ª �l�n���
� ��£n�3��¦9�	�	�
�����'� �n�����l�n��� ����«
���u ,¡�¢ ��£n�3�n��¬
¤
¥	¥ �,« �7�,« �l�n���
� ��£n�3�n��¬
�����'� �n�����l�n��� ���9��­
���u ,¡�¢ ��£n�3��¬
¤
¥	¥ �n��­ ���n��­ �l�n���
� ��£n�3��¬
�����'� �n�����l�n��� ���9�	�
���u ,¡�¢ ��£n�3��¬9�
¤
¥	¥ �n�	�o���n�	�o�l�n���
� ��£n�3��¬9�
�����'� �n�����l�n��� ���9���
���u ,¡�¢ ��£n�3��¬9�	�
¤
¥	¥ �n��� ���n��� �l�n���
� ��£n�3��¬9�	�
�����'� �n��� �l�n��� ���9�
®,��¯
®,��¯
��� ®  9¢ �E�����
�
���E�=�n�������9���	�

�   ¬
�,�,°E���
±~°
�3²����
�
�9�E�E�����,��������� �
���n�´³µ©	©=­
¬	� ¥
���,�%³µ©	¨=­
¬	���



C.2. INFREQUENT BRANCHING TEST 57

¶�·,¸�¹8º	»=¼
½	¾	¿
¶ÁÀ	À	À
¶�·nÂ�Ã=¹8Ä	Ä=¼
½	¾�Ã
¶�·nÂ�¸=¹ ¼=¼
½�¼	¼
¶�·nÂ�¾'¹SÂ�Ã	¸=¼
½�º	Å

¶=Æ�Ç,È�É,Æ





ProjectProposal

JamesBulpin (jrb44)

King’sCollege

ComputerScienceTriposPart II ProjectProposal

DesignandSimulationof a
Super-ScalarCPU

October1998

Project Originator: IanPratt

SpecialResources: 1. CL Accountwith 25Mbbackedupspace.
2. Accessto SRGLinux boxes.

Signatures:

Project Supervisor IanPratt

Signature:

Dir ector of Studies Dr KenMoody

Signature:

Overseers Dr RossAndersonandDr FrankKing





Intr oduction

Super-scalarprocessorsarethosethatcanexecutemorethanoneinstructionata time.
Thetechniqueusedto enablethis is ’DynamicExecution’whichcoverstheprocessing
techniquesof:

Branch Prediction: The processorlooks aheadin the codeandtries to predict if a
branchwill be taken. This meansthat the processorneednot wait until the branch
instructionhasbeenexecutedbeforestartingany following instructions.

Dataflow Analysis: In orderto executetwo instructionsin parallel,it mustbeknown
that the instructionthat camelater in the codedoesnot dependon the resultof the
instructionthat cameearlierasthis resultwould not be readyuntil both instructions
hadcompleted.Dataflow analysisdecideswhich instructionsaredependanton each
other’s resultsandworksoutanoptimisedexecutionschedule.

Speculative Execution: Therewill be timeswhennot all of thepipelineswill be in
use,especiallynearbranchesor complicatedinterdependentinstructions.To make the
most of the processingcapacity, instructionscan be executedspeculatively, if their
resultsarenot needed,they canjust be ignoredandasthat processingpower would
nothave beenusedanyway, nothingis lost. If however they areneededthenthespare
processingcapacitywouldhave beenusedto advantage.

Thereis aconsiderableamountof literatureavailableon thissubjectincluding:

Ê ComputerArchitecture,A Quantitative Approach,2nd Edition, Hennessyand
Paterson,1996

Ê SuperscalarMicroprocessorDesign,Mike Johnson,PrenticeHall 1991

ARM Ltd alsomake a greatdealof informationavailablealongwith varioustools to
emulatetheARM processor.

The projectaim is to write a Verilog super-scalarCPU andto experimenton it with
differentfunctionalunit configurationsanddynamicschedulingalgorithms.

Required Resources

In orderto run thesimulations,whichrequireseveralCPU-hours,I will needaccessto
theSystemResearchGroup’s Linux machines.



TheVerilog codeis likely to becomequite largeespeciallywhengeneratingflattened
files. I want to useRCSsoI will requireabout25Mb on spaceon a CL accountso I
canaccessit from theSRGLinux machines.As this is regularly backedup, I will not
have to worry aboutmy own backups.

Starting Point

I amstartingtheprojectwith knowledgeof processorarchitecturefrom SimonMoore’s
IB courseon ComputerDesignand from somebackgroundreadingwhenchoosing
this project. I know a small amountof Verilog, asusedin the IB practicalclasses.
Thepreparationfor theprojectwill involve furtherreadinginto thedetailof processor
designandthetechniquesusedin super-scalarprojects.Thiswill requireaccessto the
materialusedin Ian Pratt’s Part II coursein Comparative Architectures,which I have
obtainedacopy of.

I will alsoneedto extendmy knowledgeof Verilog asthe IB courseonly covereda
smallsubsetof thelanguage.

Project Description

In orderto experimentwith differentstructuresandalgorithmsfor dynamicexecution,
it is necessaryto have a modelthatcanbeused.Theaim is to write a Verilog imple-
mentationof a CPUandusethatasthebasisfor experimentation.TheVerilog CPU
canbesimulatedwith a tool suchas’csim’.

Only the coreprocessorwill be modelled. The extra functionssuchasthe memory
managementunit will notbemodelled.A simulationwrapperwill bewrittento model
thebehaviour of therestof thesystem.

Theinstructionsetandprogrammingmodelof a realCPUwill beusedasthespecifi-
cationof theVerilog CPUasthis will enabletestprogramsto berun on thesimulated
CPU andthe resultscomparedagainsta programrun on the real CPU. The internal
architectureof the Verilog CPU will not necessarilymatchthat of the real CPU it is
basedon.

TheCPUwhoseinstructionsetwill beusedwill betheARM asit is aRISCprocessor
which is a good basefor a super-scalardesignand therearemany tools andmuch
documentationavailablefor it, primarily thoughtheARM UniversityProgram.



Thework breaksdown into anumberof stages:

Firstly a simple,non super-scalarVerilog implementationwill be written. This will
allow thedesignto be testedagainstthe realARM by executingsometestprograms
which will bewritten to exerciseasmany aspectsof theCPU’s operationaspossible.
TheARM Toolkit will beusedto helpconstructtheseprogramsandthesimulator(the
ARMulator)will usedto checkthatthesimulatedCPUgivesthesameoutputasareal
ARM CPUwould. Theaveragenumberof instructionspercycle will berecorded.

Oncethebasicmodelhasbeenconstructedandverified, it canbemadesuper-scalar.
This will involve addinga secondpipelineandthemodulesto performdataflow anal-
ysisandbranchprediction.This canthenbetestedasbeforeandtheaveragenumber
of instructionspercycle recorded.

The designwill be modularto allow easychangesof architecture.This will allow
experimentsto be carriedout, for exampleexperimentingwith differentnumbersof
functionalunitsor differentalgorithmsfor thedynamicscheduling.

Up to this point, the Verilog will have beenwritten to model the behaviour of the
CPU,with nodetailof gatelevel design.Thereforedelaywill nothavebeentakeninto
account.Thenext phaseof theprojectwill beto useasynthesistool to generateagate
level designwhich canbeusedto identify which partsof thedesignrequirethehigest
numberof gatesandwherethecritical pathis. This shouldallow thedeterminationof
amaximumclock rate.

Extensions

This is averyopenendedprojectandwouldnaturallyleadto thefollowing extensions
which,dependenton time,maybecarriedout:

Ë Target a particulartechnologyto producea backannotatednet list. This will
allow a morerealisticclock rateto beidentified.Thereis alsothepossibilityof
programmingtheCPU’snetlist into aFPGAin orderto haveanactualworking
(albeitslow) CPU.

Ë Numerousotherexperimentswith thearchitectureandgatelevel layout.

Ë Implementationof theextra functionalityof theARM not previously modelled
(suchasthememorymanagementunit).



Plan of Work

Thework will bebrokendown into thefollowing segments:

Preparation:

1. Backgroundreadingaboutprocessordesignandin particularaboutsuper-scalar
design.

2. LearningabouttheARM instructionsetandprogrammingmodelin detail.

Practical Work:

3. Write Verilog for thesimpleCPU.

4. Testandimprove on thismodel.

5. Write Verilogcodefor dynamicexecutionextensions(scheduler, branchpredic-
tor...)

6. Testnew modelandexperimentwith architecture.

7. Synthesisemodelanddo critical pathanalysisandtry to optimise.

Report:

8. Initial planof report,draft of eachsectionto decideon content.

9. Write reportdetail.

10. Final readingover, presentation,bindingandsoon.

Eachof thesesegmentsshouldtake about2 weekswith the exceptionof 1, 2 4 and
10 which shouldtake about1 weekeach,the first startingwhenconfirmationof the
project’s acceptancehasbeenreceived. This shouldmeanthat thefirst four segments
will take placeduringMichaelmasTerm,5 duringtheperiodbetweentheendof full
term and the endof term. 6 and7 during the first half of Lent Term and the final
threeduringthesecondhalf of Lent termandtheperiodbetweentheendof Lent full
termandtheendof Lent term. I aim to have theentireprojectfinishedby theEaster
vacationbut in theeventof difficulty theEastervacationcanbeusedto finish off any
unfinishedwork.


